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HIV pseudotypes bearing native hepatitis C vinjs (HCV) glycopro- 
teins (strain H and Coni) are infectious for the human hepatoma 
cell lines Huh-7 and PLC/PR5. Infectivity depends on coexpresslon 
of both El and E2 glycoproteins, is pH-dependent and can be 
neutralixed by mAbs mapping to amino adds 412-447 within E2. 
Cell-surface expression of one or all of the candidate receptor 
molecules (CD81, low-density lipoprotein receptor, scavenger re- 
ceptor dass B type 1, and dendritic cell-specific intercellular adhe- 
sion molecule 3 grabbing nonintegrin) failed to confer permlssivity 
to HfV-HCV pseudotype infection. However, HIV-HCV pseudotype 
infectivity was inhibited by a recombinant soluble form of CD81 
and a mAb spedfic for CD81, suggesting that CD81 may be a 
component of a receptor complex. 

Hepatitis C virus (HCV) is an enveloped, positive-stranded 
RNA virus classified in the family Havanridae, Infection is 
often associated with chronic disease, sometimes resulting in 
cirrhosis and bcpatoceUular carcinoma. The principal site of 
replication is thought to be the liver, although several labora- 
tories have suggested that HCV may infect a wider range of cell 
types including monocytes/macrophages and B cells (1, 2). 

HCV encodes two putative envelope glycoproteins (gps), El 
and E2, which arc believed to be type I integral transmembrane 
proteins. In vitro expression studies have shown that both gps 
associate to form heterodimers, which accumulate in the endo- 
plasmic reticulum (ER), the proposed site for HCV assembly 
and budding (reviewed in ref. 3). The lack of in vitro systems for 
HCV propagation has hampered biological and physiochemical 
studies on the virion and its mechanism(s) of cell entry, and the 
cellular receptors remain unknown. HCV purified from plasma 
has been reported to exist in association with plasma lipopro- 
teins, suggesting that the virus may use the low-density lipopro- 
tein receptor (LDLR) to gain entry into cells (4-6). 

The selective association of a virus with a target oell is usually 
determined by an interaction between the viral gps and specific 
oell-surfaoe receptor(s) and is an essential st^ in the initiation of 
infection. Such interaction(s) often define the host rangp and 
cellular or tissue tropism of a virus and have a role in determining 
virus pathogenicity. In the absence of native HCV partides, trun- 
cated veision(s) of the E2 gp (7, 8), E1E2 gp-liposomes (9), and 
virus-like particles expressed in insect oell systems (10, 11) have 
been used as mimics to study virus-cell interactions. Truncated 
soluble versions of E2 have been reported to bind specifically to 
human cells and were used to identify interactions with CD81 (7, 8), 
scavenger receptor class B type 1 (SR-Bl) (12), and dendritic 
oell-spedfic intercellular adhesion molecule 3 grabbing nonintegrin 
(DC-SIGN) (13, 14). One lunitation with these studies is that they 
measure orJy HCV gp-ceU attachment and not virus-mediated oeU 
fusion. To overcome the lack of a conventional cell culture system 
for the propagation of infectious HCV particles, pseudotype viruses 
expressing the HCV envelope gps have been generated. Several 
laboratories have reported on the infectivity of vesicular stomatitis 
virus (VSV) pseudotypes expressing chimeric HCV E1E2 gps 
encoding the transmembrane domain and ^oplasmic tail of VSV 
G gps, but with conflicting results (15-17). 



HIV readily forms pseudotypes with the envelope proteins of 
many different viruses. In this aitide, we present data showing that 
HIV pseudotypes bearing native HCV El and E2 gps are infiectious 
for the human hepatoma cell lines Hvbrl and PLC/PR5. Signifi- 
cantly, infectivity is pH-dependent and can be neutralized by a 
number of EZ^pedfic mAbs. These pseudotype viruses will be 
invaluable for farther investigation into the mechanism of HCV 
entry and the identification of cdlular receptor(s) mediating virus 
attachment and fusion. This system will also allow us to addiess the 
role of the humoral inmiune response in HCV infection and to 
evaluate therapeutics targeting the HCV gp-cell interactioa 

Materials and Methods 

Cells. Hos.CD4.R5 were obtained from the National Institutes of 
Health AIDS Reagent Program and propagated in DMEM with 
10% FBS and 1 wg/ml puromycin. Huh-7 (gift of R. Lanford, 
Southwest Foundation of Biomedical Research, San Antonio, TX), 
Huh.7.5 (18), and HeLa cells were propagated in DMEM/10% 
FBS. HepG2 cells were propagated on collagen type 1-coated tissue 
culture plastic in DMEM/10% FBS (gift of Y. Matsuura, Osaka 
Umversity, Osaka). PIX/PR5 cells were propagated in DMEM/ 
10% FBS (gift of J. Carson, University College London, London). 
THLE cells (gift of S. Feinstone, Food and Drug Administration, 
Washington, DQ were propagated as described (19). RBL cells 
stably expressing human CD81 were propagated in DMEM/10% 
FBS with 400 ^ml G418 (gift of P. Monk, Unhreisity of Sheffield, 
Sheffield, UK) (8). U937 cells expressing human CDSl (gift of S. 
Levy, Stanford University, Stanford, CA) and THP cells expressing 
DOSIGN (gift of R. Doms, University of Pennsyhrania, PhUadel- 
phia) were propagated m RPMI/10% FBS. AH ceUs were grown at 
3rC/5% CO2. 

Plasmids. Plasmids encoding £1 (pEl; polyprotein residues 171- 
383), E2 (pE2; polyprotein residues 364-746), and El plus E2 
(pElE2; polyprotein residues 171-746) were constructed by PGR 
amplification from template pBRTM/HC:Vl-3011 as reported (20, 
21). The plasmid-encoding strain Conl E1E2 was similarly gener- 
ated by ?CR amplificatwn of Uie E1E2 ORE from Conl/FL (18) 
and ligated into pCA(3GS/MCS. Plasmids expressing the HCV 
Sindbis virus (SIN) and VSV G chimeric constructs, VSV G and 
SF162 gpl60, have been described (13, 22). The plasmid encoding 
amphotropic murine leukemia virus envelope was a gift of S. Goff 
((johunbia University, New York). 

Antibodies. Murine mAbs specific for CD81 (5 A6; a gift of S. Levy), 
DC-SIGN (m507; R&D Systems), LDLR (Ab-1; Oncogene 
Research Products, San Diego), SR-BI (25, BD Biosciences), NB 
400 101 (Novus Biologicals, littieton, CX)), PDI (SPA-891; Stress- 
Gen Biotechnologies, Victoria, Canada), HIV gpl20 (B4al; 
National Institutes of Health AIDS Reagent Program), and HCV 
E2 (HS2; J. Dubuisson, Institute Pasteur, Lille, France) were used. 



Abbreviations: KCV. hepatitis C virus: gp. glycopratein; IK endoplasmic reticulum: LDLR. 
lowsiensity lipoprotein receptor: SR-BI, scavenger receptor dass B type 1; DC-SJGM den- 
dritic cell-ipedfic tntercellutar adiieslon molecule 3 grabbing nonintegrin; VSV. vesicular 
stomatitis virus: SIN, Sindbis viao; RLU. relative liglit unit: HVR, hypervarlable region. 
<To whom correspondence should be addresied. E-mail: mckea^Orockef etleredti. 
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fected 293-Tcellsvvere tested for expres- 
sion of HCV El and E2 gps. Cells trans- 
fected with pNL4.3.UjcR-E- and pE1E2 
were tested for cell surface and total 
expression of El (mAb H111X E2 (mAbs 
CBHS or HS2X and PDI (SPA-891). Cells 
were fixed and analyzed for antigen ex- 
pression with (fi) or without (A) perme 
abillzation. Regions were establ'shed 
based on irrelevant iscnype-matched IgG 
staining of the cells. 



Human mAbs specific for HCV El (Hill) and E2 (CBHS) were 
agift of S. Foung (Stanford University). Rat mAbs specific for HCV 
E2 have been described (8). 

Flow Cytometric Analysis. Expression of CD81, LDLR» SR-Bl, 
DCSIGN, and HCV gps was quantified as described (18). All cells 
were incubated with an irrelevant isotype-matched IgG, and the 
fluorescence signal was used to establish threshold vahies of de- 
tection for the test mAbs. Analyses were performed by using a 
FACSCalibur flow cytometer and ceujQUEST software (Becton 
Dickinson). 

Pseudotype Production. Characterization, and Infection. HIV 

pseudotypes were generated by cotransfection of 293-T cells with 
equal amounts of expression plasmids expressing the viral gps or an 
empty vector and the envelope-defective pNL43.Luc,R"B" pro- 
viral genome as described (13, 23). The supematants were collected 
48 h posttransfection, and HI V p24 antigen content was assessed by 
using a commercially available ELA (Beckman Coulter). Virus 
panides were purified by velocity centrifiigation through a 5-20% 
sucrose gradient in PBS at 35,000 rpm at 4*C in a Beckman S W41 
rotor for 30 mia Fractions were collected, and aliquots were 
precipitated with trichloroacetic add for immunoblotting or diluted 
in 3% FBS/DMEM for infectivity studies. To investigate 
pseudotype virus infectivity, target ceUs were seeded into 96^U 
plates (8 X 10^ cells per well) 24 h before infection. Equal vohmies 
of p24 antigen-normalized viral supematants were diluted in 3% 
FBS/DMEM plus 4 /xg/ml polybrene and 100 /il was added per 
well. Cells were mcubated at yrC for 72 h, washed in PBS once, and 
lysed with 40 per well of cell lysis buffer (Promega). Twenty 
microliters of lysate was tested for lucif erase activity by the addition 
of 50 pi of luciferase substrate and was measured for 10 s in a 
luminometer (Lumat LB 9507, Berthold Technologies, Oak 
Ridge, IK). To evaluate the reversibility of pH-dependent infeo- 
tivity» pseudo^pe viruses were treated with low-pH buffer (Mes, 
pH 5.0) for 10 min at room, temperature,, the pH was neutralized to 
pH 12, and the viruses were tested for their ability to infect Huh-7.5 
cells as described above. 

Huh-7.5 cells were incubated with anti-CD81, anti-LDLR, and 
anti-SR-Bl at 5 ^g/ml (100 fd per well) for 30 min on ice, and 100 
Ml of pseudotyped virus, diluted in 3% FBS/DMEM plus 4 ^g/ml 
polybrene, was added. Cultures v/ere incubated at 37^ for 72 h, and 
lucLferase activity was measured. mAbs specific for E2 (final 
concentration 5 tig/rtH) and soluble CD81 (various concentrations) 
were incubated with pseudotype virus for 30 min at 37°C and 
virus/ligand mixtures were tested for infectivity of Huh-7.5 cells. 

Huh-7i cells were infected with pseudotype viruses in the 
presence or absence of 10 mM ammonium diloride or 25 nM 



concanan^cin for 8 h at 3TC Treatment of cell^ had no effect on 
proliferation over the time course of the experiment Virus was 
removed by aspiration, and cells were washed onoe with DMEM. 
and cultured in 10% FBS/DMEM for 72 h. Cells were lysed as 
described above and hidferase activi^ was determined. 

Results 

HIV Pseudotypes Expressing Nathre HCV gps Are Infectious. Because 
HIV assembles at the plasma membrane and HCV gps are retained 
in the ER, we hypothesized that it would be necessary to express the 
gps at the plasma membrane for efficient pseudo^pe formation. 
We (13, 20) and others (15-17) have reported that truncated forms 
of HCV El and E2 fiised to the transmembrane domain and 
cytoplasmic tail of VSV G (El/G and E2/G, respectively) and SIN 
gps (El/SIN and E2/SIN) are efficiently expressed at the cell 
surface. 

To produce virus pseudotypes, 293-T cells were cotransfected 
with plasmids encoding an envelope-defective HIV-1 proviral 
genome expressing a luciferase reporter gene (NL43.LucR"E") 
(23X fiiU-length strain H (H E1E2X and chimeric HCV E1E2 gps 
(E1E2-G and E1E2-SIN). As controls, plasmids encoding HIV 
SF162 gpl60 and VSV G were cotransfected to generate 
pseudotype viruses with known entry characteristics. To assess 
whether full-length E1E2 gps were expressed at the. cell surface, 
transfected ceils were quantified for their level of total and dell- 
sur&ce E1E2 antigen by flow cytometry. Membrane damage and 
subsequent exposure of internal cell membrane proteins to the 
staining mAbs would falsely suggest plasma membrane localization. 
To assess this, cells were fixed and dually stained for expression of 
protein disulfide isomerase (PDI), an ER resident protein, and 
E1E2 gps. Both gps were detected at the sur&ce of cells transfected 
with pElE2 and NL4.31-uc.R~E~, which failed to stain for PDI 
(E1E2+/PDI- cells, 12%; ElE2-^/PDr cells, 0.8%; Fig. 1/t). 
suggesting transport of the HCV gps to the cell surface. Detection 
of E1E2 after cell permeabilization suggested that the majority of 
the gps were retained within the cell (Fig. IB). Dual staining of 
tran^Eected cells for both El and E2 confirmed that both gps were 
present at the cell surface (Fig. lA). Similar results were obtained 
for Conl E1E2 gps (data not shown). Expression of fiiU-length 
E1E2 at the cell surface did not depend on NL43 cotransfecdon 
(data not shown). Chimeric gps EIE2-G and E1E2-SIN were 
efficiently expressed at the cell sur&oe (42% and 36% of nonper- 
meabilized transfected 293-T cells stained for expression of 
E1E2-G and E1E2-SIN, respectWely). 

Extracellular supematants were tested for their ability to infect 
Hos cells stably expressing the HIV receptors CD4 and CCR5 
(Hos.CD4.R5) and the human hepatoma cell line Huh-7.5. HIV 
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Fig. 2. HIV pseudotype inf ectivity. (A) HIV pseudo^pes bearing strain H native 
El8ndE2gpsaloneortogether(HEtHE2,orHE1E2XstrainCon1 E1E2gps(Cbn1 
E1E2}< El and E2 ectodon\ains fused to the transmenDbrane dontain and cyto- 
plasmictail of VSVG (H E1E2-<;X S(NE26ndE1 gps(H E1E2-SlN).HIV-SF162gp160 
(SF162X VSV-G, or no envelope (no env) were tested for their ability to infect 
Huh-7.5 (filled bais) or Hos.C04.R5 ceils (hatched bars). Ail virus stocks were 
normalized for p24 HIV core antigen and infected at 1 ng per well with the 
exception of V5V Q, which was used at 0.1 ng per well. All infecdons were 
performed in triplicate, and the mean ludferase acdvl1y.(RLU) is showiK The 
coefftdent of variance was <10% in ail cases. i0j Increasing concentrations of 
pseudotypes bearing H El E2 U)« SF1 62 (•). and no envelope 6D) were tested for 
infection of Huh-7.5 and Hos.CD4J%5 cells. 



produced from cells expressing HCV E1E2 infected Huh-7i cells, 
whereas virus from cells expressing the chimeric HCV gps did not 
(Fig. 24). Infectious pseudotypes were produced only from cells 
expressing bothHCY gps either from a single plasmid (pElE2) or 
by cotransfection of two separate plasmids ^pEl and pE2) (data not 
shown). As expected, HIV pseudotypes bearing the SF162 gpl60 
infected only Hd&C3>I.R5 cells and HIV-VSV G infected both ceU 
types (Fig. 2/4). Fartides laddiig any virus gp (no envelope) failed 
to infect either cell type. Luctferase activity (relative Ijght units, 
RLUs) was proportional to the amount of virus used for the 
infection, demonstrating a dose-dependent relationship (Pig. 2B), 
HIV pseudotypes bearing an indq>endent strain of HCV E1E2 
(Con 1, genotype lb) showed levels of infectivity similar to HTV-H 
E1E2 for Huh-7J cells (Fig. 2^4). Sucrose density gradient oentiif- 
ugation of HI V-4ICV pseudotype preparations demonstrated that 
infectivity and HCV E2 were detected in fractions containing 
particulate HIV p24 antigen, consistent with HIV incorporation of 
E2 (data not shown). However, the majority of E2 present in the 
extracellular supernatant was not incorporated into sedimenting 
particles and was located in fractions at the top of the gradient. In 
conclusion, cotransfection of plasmids encoding HCV E1E2 and 
HI V produced pseudotypes that incorporated HCV gps and were 
infectious for Huh-7i cells. 

HCV Pseudotype Entry Is pH-Dependent Enveloped viruses enter 
cells through two main pathvrays: direct fusion at the plasma 
membrane and receptor-mediated endocytosis. In the latter case, 
the fusion of the viral envelope protein(s) is triggered by low pH 
within the endosome. Inhibitors of vacuolar acidification, such as 
concanamydn and ammonium chloride, have been used to dem- 
onstrate the pH sensitivity of virus entry. We therefore tested ttie 
infectivity of pseudotypes after treatment* of target cells with 




Hg. 3. pH dependency of HW-HO/ pseudotype infectivity. Huii-75 ceQs were 
infected with HIV pseudotypes bearing amphotropic murine leukemia virus 
(A-MLV). VSV-G, H El EZ and Goni E1E2 in medium alone (open bars} or contain- 
ing 10 mM anrtmonium chloride (filled ban) or 25 nM concanamydn A (hatdied 
bars). All infections were performed in tripRcate, and the mean ludferase activity 
(RLU) is showa The coeffident of variance was <15H In all cases. 



ammonium chloride and concanamydn. As controls, HIV bearing 
VSV G and amphotropic murine letikemia virus gps, demonstrating 
pH-dependent and -independent routes of entry, respectwely, were 
tested. HI V-HCV pseudotypes demonstrated a >90% reduction in 
infectivity in the presence of ammonium chloride and concanamy- 
cin (Fig. 3), suggesting a pH-sensitive route of virus entry. As 
expeaed, infectivity of HIV-VSV G was reduced in treated cells, 
whereas HIV amphotropic murine leukemia virus showed no 
change (Fig. 3). Because pH-dependent changes in VSV G con- 
formation are reversible (24), we were interested to determine 
whether low-pH treatment of HCV pseudotypes would affect their 
infectivity. HCV pseudotype infectivity (ludferase activity) was 
reduced by up to 70% after a 10-min incubation at pH 5.0, whereas 
infecth'ity of HI V-VSV Gwas not affected. These data suggest that 
low-pH-induced changes in the HCV gps are not readily reversible 
and may play a critical role in the HCV-gp fusion pathway. 

The Role of Cell-Surface Molecules In HIV-HCV Pseudotype Virus Entry. 

To examine the relevance of the cellular molecules identified as 
putative receptors for HCV, we monitored the expression of these 
molecules on a variety of ceU types, whidi were also tested for their 
ability to support pseudotype virus infection. mAbs specific for 
these cell-surface molecules were also tested for their ability to 
inhibit pseudotype virus infection of Huh-7.5 cells. The human cell 
lines Hos,CD4.R5. Huh-7, Huh-7.5, HepG2. PLC/PR5, THLE, 
HeLa, THP-DC-SIGN, and SW13 were tested for their ability to 
support HIV pseudotype virus infection and their expression of 
CD81, LDLR, and SR-Bl (Table 1). All viruses were tested at two 
infecting doses (5 ng per well and 1 ng per well, p24), with the 
exception of HIV-VSV for which a single concentration (0.1 ng 
per weU), shown to give saturable RLU signals on infection of 
Huh-7i, was used. HIV-HCV pseudotypes were able to infect 
Huh-7, Huh-7i» and PLC/PR5 cells (Table 1). Both HIV-HCV 
pseudotype stocks (H and Conl) infected PLC/PR5 with a lower 
titer than Huh-7.5 cells (end-point titer of HTV-H E1E2 for 
Huh-7i and PLC/PR5 cells was 5 x 10* and 1 x 10^ tissue culture 
50% infective dose per ng of p24, respectively). HI V-SF162 only 
infected Hos.CD4.R5 oe£» whereas HIV-VSV G infected all cell 
types tested (Table 1). All human cell types, with the exception of 
HepG2, expressed CD81 (Table 1). THP cells expressing DC-SIGN 
were unable to support HI V-H E1E2 or HI V-SF162 pseudotype 
virus infection, suggesting that DC-SIGN does not directly support 
HCV pseudotype infection in the context of a monocytic cell 
background (Table 1). The majority of cells expressed LDLR and 
SR-Bl and yet were refractory to HIV-HCV pseudotype infection. 
To eluddate the role of these cellular molecules m HCV entry. 
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Table 1. Cell phenotype and susceptibility to HIV pseudotype Infection 

Infectlvity of pseudotypes expressing env gps* Cell-surface expression^ 
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Vims pseudotypes with no env. H E1E2« Coni El E2, and SF162 were tested for infection of the various cell lines at 5 and 1 ng per well (data not shown) and 
V5V G at 0.1 ng per well. 

♦Infectivityb measured as RLU where: -.<300;+, 10.000-20.00Q: ++. >20,000-1 00,000; and 44-4, >100.000. , 

^Celkurfaoe expression of antigens, where an irrelevant Isotype-matched IgG gave mean fluorescence intensity (MFQ In the range of 4-6 and spedfic mAbs gave 
staining intensities of 4, 10-30; +4-, >30-10Q; and 4+4, >tOO. 



shciwn). HIV-HCV pseudotype (strain H and Conl) infection of 
FLC/PRS cells was also inhibited by the anti-CD81 mAb (data not 
shown). None of the mAbs affected infection by HIV-5F162 (data 
not shown) or HIV-VSV G (Fig. 4A). 

Soluble recombinant forms of the human CD81 large extracel- 
lular loop (LEL) (GST-humCD81) are able to bind HCV E2 gp and 
inhibit its interaction with cellular CD81 (8). We therefore tested 
the ability of GST-humCX)81 to inhibit HI V-H E1E2 and fflV- 
VSV G infection of Huh-7.5 and PLC/PR5 cells. A recombinant 
protein encoding the African green monkey CD81 LEL sequence 
(GST-agmCD81) is unable to interact with E2 and was used as a 
specificity control (25). GST-humCD81 inhibited HIV-H E1E2 
infection of both cell types but had no effect on HIV-VSV G 
infectivity (Fig. 5 and data not shown). GST-humCD81 showed a 
dose-dependent neutralization of infcctivity, inhibiting HIV-H 
E1E2 infection of Huh-7.5 cells by 50% at 2.5 ^g/ml (Fig. 5). To 
further investigate the role of 0)81 in HIV-4ICV pseudotype 
entry, we tested the ability of a human monocytoid cell line. 
and a rat basophilic cell line, RBL^ both transfected to stably express 
human CD81, to support vuiis infection. Neither cell line, inde- 
pendent of CDSl expression, was infected by HIV-H E1E2, 
whereas both were infected by HIV-VSV G (Table 1). In conclu- 
sion, these data suggest that ^ression of CD81, LDLR, or SR-Bl 
alone or together is not sufficient to permit infection of a cell by 
HIV-4ICV pseudotypes. Hie ability of anti-CD81 and soluble 
forms of QD81 to blod^ HI V-4iCV pseudotype infecdvity suggests 
that CD81 is a component of the receptor complex. However, the 
inability of CDSl-expressmg U937 or RBL cells to support HIV- 
HCV pseudotype iofectkm suggests that CDSl needs to be ex- 
pressed in the context of additional cellular factcns to modulate 
productive HCV entry. 

Pseudotype Viruai Infection b Neutraliied by E2-Spedfc mAbs. To 

confirm the specificity of HI V-ti E1E2 virus infection, a panel of 
well characterized E2-specific mAbs weie tested for their ability to 
neutralize infection of Huh-7J$ cells. A neutralizii^ mAb specific 
for HIV gpl20 (B4al) was also tested All of the HCV-specific 
mAbs were previously shown to interact with z soluble truncated 
form of E2 with varying affinities (Table 2; ref. 8). All mAbs were 
incubated with HIV-H E1E2 or HIV-^F162 for 1 h at STQ and 
the virus-mAb mixtures were tested for infection of Huh-7i and 
Hos.CD4.R5 cells, re^ectively (Table 2). Four of the five mAbs 
specific for the £2 hypervariable region (HVR), a proposed neu* 
tializadon epitope, had no effect on the ini^ivtty of either 



Huh-7.5 cells were incubated with mAbs spedfic fc^ CDSl, SR:B1, 
or LDLR at saturating concentrations (data not shown) and tested 
for their susceptibihty to HIV-H E1E2 and HIV-VSV G 
pseudotype virus infection. HIV-H E1E2 virus infection was 
inhibited by the anti-CD81 mAb but not by the SR-Bl and LDLR 
Abs (Fig. 4 and data not shown). At lower concentrations of input 
HIV-H E1E2 virus, the anti-CDSl mAb blocked infection by 
>90% (Fig. 4B). Similarly, only the anti-CD81 mAb was able to 
inhibit HI V-<>)nl E1E2 virus infection of Huh-7 J cells (data not 




VIrua Jnoquluih' (p24rig) 



fig. 4. Receptor dependency of HIV-HCV pseudotype infectlvity. Huh-75 cells 
were Incubated with mAbs spedfic for CD81 (5A^ m\ SR*61 (clone 25, and an 
irrelevant Isotype-matched IgG (CO at 5 /ig/ml and were Infected with HIV 
pseudotypes bearing VSV G (AX H E1E2 (B), and no envelope (data not shown) at 
varying concentrations of p24 antigen. Infection with HIV-no envelope gave a 
maximal mean RLU count of 420 ± 50 at 2 ng per well. The coeffident of variance 
was <10% in all casei 
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Hg. 5. Soluble CD81 neutralization of MIV-HCV pseudotype infectivity. (4 and 5) HIV pseudotypes tearing V5V G (A) and H El E2 (S) at varying concentrations of p24 
antigen were Incubated with recombinant soluble fornrvs of CD81« GST-humCD8l U), and GSTogmCOSI (•) at a final concentration of 1 §tg/m\ or medium alone p) 
for 1 h at 37*C Virus-^DSI mixtures were tested for infectivity of Huh-7.5 cdis. (Q A single dose of HIV44 E1E2 pseudotype (1 ng per weU) was incubated with varying 
concentrations of GST-humCDai (4}andGST-agmCD81 (•) fori hat jrCandtested for Infection of Huh-7.5 cells. All infections were performed in triplicate, and the 
mean ludferase activity (RLU) Is shown. The coefficient of variance was <10% in aB cases. 



pseudotype virus (Table 2). mAb 9/27, specific for amino adds 
396-407 within the HVR, specifically neutralized HIV-H E1E2 
(Table 2). mAbs specific for E2 amino acids 412-423 (3/11), 
432^443 (2/69a)» and 436-447 (7/16b and 11/20) neutralized 
fflV-H E1E2, but not HIV-SF162, infectivity, suggesting that this 
region of the gp contains several neutralization epitopes. In con< 
trast, mAbs specific for epitopes within the Qterminal region of £2 
(6/la. 6/41a, and 6/53) had no effect on HIV--H EIE2 infectivity. 
Several mAbs were evaluated for their ability to recognize E2 
expressed at the surface of 293-T cells transfected with NL43 and 
pElE2 plasmids, as charaqterized in Fig. 2. There was no correla- 
tion between mAb reactivity with cell-5urfec&«xpressed E2 and 
neutralization of pseudotype infectivity (Table 2). 

Discussion 

In this study, we demonstrate that HIV pseudotypes bearing 
HCV E1E2 gps are infectious for the human hepatoma cell lines 



Huh-7 and PLC/PR5. In contrast, pseudotypes bearing chimeric 
HCV gps (E1E2'G and E1E2-SIN) failed to infect any of the cell 
types tested, HIV-HCV pseudotype infectivity depended on 
expression of both gps and was blocked by severaJ anti-E2 mAbs. 
This result was surprising, because HIV is reported to assemble 
at the plasma membrane, whereas HCV gps arc retained within 
the ER (8). However, a small, but significant, number of 
transfected 293-T cells expressed E1E2 at the ceU surface 
independent of HIV protein expression. Because signals for 
protein retention within the ER or Golgi complex are rarely 
100% efficient, high-level E1E2 expression in 293-T cells ap- 
pears to be leaky, and a fracdon of the gps is transported to 
Uie plasma membrane and incorporated into HIV particles. This 
observation is consistent with that reported recentfy by Bartosch 
et al. (26). The noninfectious nature of the pseudotypes carrying 
the chimeric proteins may be attributed to the defective nature 
of these proteins, because they lack regions of the tiansmem- 



Table 2. Neutralization of HIV pseudotype infectivity 



Half-maximal binding. Inhibition of Reactivity with 293-T 



% neutralization of* 



mAb 


E2 epitope 


ftg/ml* 


E2-CD8r 


expressed HCVE1E2* 


H1V-HE1E2 


HIVSF162 


7/59 


384-391 


0.01 




NT 


<5 


<5 


6/82a 


384>39S 


2.0 




NT 


<5 


<5 


6/16 


364-39S 


0.02 




+/+ 


<5 


<5 


9/27 


396^7 


0.04 




+/+ 


a:99 


<5 


9/86a 


cHVB' 


1.0 




NT 


<5 


<5 


3/11 


412-423 


0J02 




NT 


70 


<5 


2/69a 


432-443 


NS 


+ 


+/+ 


299 


<5 


1/39 


432-443 


0.15 




NT 


20 


<5 


7/16b 


436-447 


0.10 


+ 


+/+ 


299 


<5 


11/20 


436^7 


002 


+ 


NT 


299 


<5 


6/1a 


464-471 


120 




NT 


<5 


<5 


6/41a 


48(M93 


NS 


+ 


NT 


<5 


<5 


2/64a 


524-S31 


0.08 


+ 


NT 


40 


<5 


9/75 


524-531 


0.01 




+/+ 


<5 


<5 


6/53 


S44-551 


0£Q 




+/+ 


<5 


<5 


B4a1 


H(Vgp120 


HA 


NA 


NA 


<5 


299 



NA, not applicable: NT, not tested. 
*mAb recognition of truncated soluble E2, relative affinities are shown as the concentration Oig/ml) required to give half-maxinnal binding 
InacaptureEUSAiS). 

*niAb (10 /ig/ml) Iniiibition of soluble E2 binding to GST-humCD81 (8). 
*mAb(10fig/mO reactivity with nonpennneabilizedandpermeabilized293>Tcel^ 
1) (represented as -(•/-(• non-perm/perm ceil recognition). 

<mAb(lO/ig/mO neutralization of HiV-H E1E2 andHIVSi^62(1 ng per well inoculum) Infection of Huh-7,5 and Hos.CD4Jl5celb; respectively^ 
as detennlned by Inhibition of ludferase activity. 
VHVRi conformatioiwiependent epitope within the 
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brane domains important for E1B2 oligomerization and mem- 
brane insertion (27). VSV pseudotypes expressing chimeric 
HCV E1E2-VSV G gps have been reported to be infectious for 
rwide variely of ceU types (l-5rl6)v However,.Buon^ 
(17) recently reported that VSV pseudotypes expressing high 
levels of HCV-VSV G chimeric proteins demonstrated a low 
level of infecUvity that was neutralized by anti-VSV G. The 
authors concluded that trace amounts of VSV G present after 
genesis of pseudotyped viruses through BHK cells accounted for 
this low level of infectivity. These conflicting reports cast doubt 
over the functional nature of such chimeric HCV gps. 

The pH dependence of infection by the HI V-HCV pseudotype 
viruses supportsa receptor-mediated endocytic route of virusentry. 
Viruses that enter cells via pH-dependent pathways generaUy 
synthesize their viral fusion ^s in an inactive form, to prevent 
premature fiision of the internal celhilar meihbranes (28). Within 
the Fkmnrid&e fiamlty, the best-studied viral gp is the envelope 
protein E of tick-bome encephalitis (TBE) virus. The TBE E 
protein exists as a homodimer in the virus particle, which is 
converted to a trimer at the pH of fusion. Because inactivity of the 
ffl V-HCV pseudotypes depends on ooexprcssion of both El and 
E2, these particles will en&le us to characterize the oligomeric 
status of functionally actbe HCV gps and to address the 
mechanism(s) of low-pH gp activation. 

The cellular tropism of HCV is an important and much 
debated issue. The principal site of replication is thought to be 
the liver, leading to the hypothesis that Ihrer-specific molecules 
act as viral receptors. Experiments to address whether any of the 
candidate cellular receptors are involved in HIV-HCV infectiv- 
ity suggest that none of the molecules expressed alone, or in 
combination, define permissivity to infection. Several cell lines, 
including Hos and SW13, expressed CD81, LDLR, and SR-Bl 
and yet were refractory to infection by the HIV-HCV 
pseudotypes (Table 1). The ability of the anti-CD81 mAb, 5A6, 
and soluble GST-humCD81 to specifically inhibit infection of 
Huh-7.5 ceUs by the HIV-HCV pseudotypes suggests that CD81 
may be a component of a receptor complex. However, the 
inability of CD81 to confer pseudotype infectivity to U937 and 
RBL cells suggests that CD81 may need to be expressed in 
concert with one or more specific molecules that are expressed 
in Huh-7 and PLC/PR5 cells to exert its effect. 

Because HCV partides purified from human plasma have been 
reported to interact with LDLR via an indirect association with 
LDL or very-low-density lipoprotein, our mability to inhibit 
pseudotype infection with the anti-LDLR mAb may be attributed 
to the d^ffierent lipid composition of In vtrm-generated particles (4, 
6). In a similar HCV pseudotyping system, Bartosch et al (2iS) 
reported partial neutralization of HCV pseudotypes with anti- 
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apolipoprotein E mAbs, suggesting that virus-associated lipids may 
contribute to the infection process. At the present time, it is unclear 
how HCV associates with plasma lipids. Whether this represents a 
pas»ye interaction after release from the cell or utilization of the 
i£l synthesis and seCT^ exit from the cell 

is unknowa Future ejcperiments will be required to address the 
issue of whether particles synthesized in a cell culture system are 
represcntathre of "infectious" virus in plasma. 

The ability of several mAbs raised against soluble E2 to 
neutralize pseudotype infection is encouraging for future vaccine 
design. The most potently neutralizing mAbs tested mapped to 
a 15-aa region in E2 (amino acids 432-447), which displays some 
variability between different strains. The HVR has been pro- 
posed to be a neutralization epitope (29). It is interesting to note 
that four mAbs (7/59, 6/82a, 6/16, and 9/86a) to epitopes within 
the HVR failed to neutralize infectivity, whereas mAb 9/27, 
specific for amino acids 396-407 within the C-terminal region of 
the HVR, did neutralize infectivity. No association was found 
between the ability of, a mAb to neutralize HIV-HCV 
pseudotype infectivity and block soluble E2-CD81 interaction, 
suggesting that the mechanism of neutralization may be inde- 
pendent of CD81 interaction(s). However, conformational dif- 
ferences may exist between soluble forms of E2 and that present 
on pseudotype particles. Both of the HVR-specific mAbs, 6/16 
and 9/27, were able to recognize 293-T cell-surface-expressed 
£2 and yet demonstrated different neutralization proHles (Table 
2). Future experiments should address the antigenic conforma- 
tion of the gps on infectious particles compared with soluble E2. 

In summary, HIV pseudotypes expressing native HCV gps 
have allowed us to identify cell types- that can support HCfV 
gp-dependent virus entry. Future experiments should aim to 
identify cell types within the liver that can support HCV entry 
and the cellular molecules mediating such entry. The potential 
to measure neutralizing Abs wiU allow researchers to address the 
role of the humoral immune response in HCV infection. Un- 
derstanding this process will be important in the development of 
new antiviral therapeutics targeting these early steps in the HCV 
life cycle. 

We thank Peter Balfe, Lynn Dustin, Brett Lindenbach, Ivo Loienz, 
Peggy Mac^onald, Darius Moradpour, and Tim Tellinghuissen for 
reading the manuscript and for their helpful comments; Shoshana Levy 
and Peter Monk for reagents; and David Ho for interest and support. 
JX, M.F., CL., CM.R., and J.A.M are supported by the Greenbeig 
Medical Research Institute and Public Health Service Giants CAS7973 
and AI40034. CC.-M. is supported by Public Health Service Grant 
CA72822. M.H. is a recipient of an American Foundation for AIDS 
Research fellowship. 



14. lAKluP.Y,Lortet<Jtcol^H,DeUaQixDeUntfelte,A,St^^ 

A., Houles, C Fiesdij. F.. Sdnwtz, O., Virelizier, I. L.. et d. (20QS)/ Bid. Oem., ia piesi 

15. Lagsins. L. Meyer, Owcos, R. J. A iUr. R. (1998) / K0«L 7^ 

16. MatniuiB,Y,Taai.H,Siradd,lL.IUixuix»6omey^T^Suz^ 

IC. Robisoa. C S, Whhu M. A. A Miyaman, T. (2001 ) ybvlogy 1S6, 263-275. 

17. Buoooo>ie,UBIi8lit.K. J,Rice.C N4.A Ras(vJ.K.(2tXI2)/ yiiU 76^6865-6871 

18. BtigbV K. McKcatxu^ J. A. A Rioe« C M (2002)/ VUoL 76, J300M3014. 

19. Pteifer, A M.. Cole, K. Smool, D. T, Watoa, A, Ofoopaaii, I. D., ShieUi. P. O., Wtffmud, 
I. M.. JttillefBi. 11. Upiky. M. M.. Tnmifi, a P.. <r of. (1999) /tac 

SI23-Sm. 

2a FUnl,M^lluniu, J. M., Maidens* CM., SbottoiwC^Uv^ 

J. A (1999) /. KroC 73, 678>479a 
21. Quinn, E Qtaa C H., H«lk)ck, IC FoiD« S. IC, Flint, M. A Uvy 

374»749. 

21TBa, R. C, Harouse. J. M.. Oettie, A. A aeog^syer. C (1999) / Med. Primatol. tB, I64-16B. 

23. Gbainr. R. I, Chen. B. K. Owe, S. A Lud«i, N. R. (1995) 1"^^ 

24. RolKftl,P.C;i^ppeniiUl.T.AGcBnpao^R.W.(1999)/.»M73. 

25. Hi8gtabotto^^A^(3uilll^ER^KIlObCC., Flint, MnWiU^ 

Moak. P. N« McKuting. I. A. A Ixvy. S. (2000) /. (Iro^ 7^ 3642^9. 

26. BartOKlw Dubuasoo, J. A Cosset, P. L (2003)/. Et/x Med. 197,633-643. 

27. Dubulssoo, J. (2000) CUrr. Top MtaatioL tmmunoL 242, 135-148. 

28. Skchd. J. J. A Waey, D. C (1998) CdJ 9J, 871-874. 

29. Farci, P, SUmoda, A. WoQg, D., Cabezmi* T, De GkMonia, D.. Stnzzen, A^ Shimixu. Y., 
Shapiro, Alter, R I. A PiuseO, R. a (1996) A&rit .4^ 



7276 I www.pnas.org/cg(/doi/10.1073/pnas.08a2l80100 



Hiuera/. 



